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Summary
Objective: To quantify tibial cancellous bone changes over 24 months in patients with medial compartment knee osteoarthritis (OA) subdivided
into those with slow or detectable joint space narrowing (JSN).
Method: Digitised macroradiographs (4!) were obtained at baseline and 24 months from 40 patients (F:26) and subdivided by computerised
measurement of minimum medial compartment joint space width (JSW) into those with slow JSN (!0.2 mm/year, nZ 66) or detectable JSN
(R0.2 mm/year, nZ 14) and who had a mean (range) JSW at baseline of 3.89 (1.66e5.48) mm and 3.73 (2.49e5.74) mm, respectively.
Fractal Signature Analysis measured longitudinal change in bone structure at four regions of interest (ROI): medial and lateral subchondral
(Sc) and subarticular (Sa) regions.
Results: Mean (range) JSN for slow and detectable groups was 0.01 (0.31e0.18) mm/year and 0.44 (0.20e1.01)mm/year, respectively. All
ROIs in both groups had signiﬁcant (P! 0.05) decrease in fractal dimension (FD) at most trabecular sizes (vertical: 0.36e1.14 mm; horizontal:
0.36e1.14 mm, excluding the lateral Sa region) over 24 months. There were no between-group differences except at a few trabecular sizes
within the Sa regions where the detectable JSN group had signiﬁcantly (P! 0.05) greater decrease in FD compared to the slow JSN group
(medial: horizontal sizes 0.54e0.72 mm, 1.02e1.08 mm; lateral: vertical sizes 0.90e1.02 mm).
Conclusion: Bone loss occurred in all knees with medial compartment OA. Decrease in FD of vertical and horizontal trabeculae was consistent
with decrease in trabecular number associated with loss. The pattern of bone loss was similar in knees with slow and detectable JSN.
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Tibial bone changes in knee osteoarthritis (OA) have
characteristically been described as an increase in sub-
chondral (Sc) sclerosis in the diseased compartment1,2.
However, this feature may take many years to develop and
very little is known about short-term longitudinal change in
cancellous bone structure in the Sc and deeper subarticular
(Sa) regions of the proximal tibia in patients with knee OA.
Scintigraphic studies3 have demonstrated the important role
of Sc bone remodelling in joint destruction in OA, with
positive scans identifying knees prone to radiographic
progression. It is also known that there is considerable
variation in the rate of articular cartilage destruction between
patients, identiﬁed in recent work as knees with ‘rapid’ or
‘slow’ disease progression4,5. Therefore, in view of the
relationship between cancellous bone remodelling and joint
deterioration, we propose that the degree of Sc trabecular
bone changes is linked to the rate of cartilage destruction,
quantiﬁed by the annual rate of joint space narrowing (JSN).
1Supported by a grant from Procter and Gamble Pharmaceut-
icals.
*Address correspondence and reprint requests to: Tel: 44-20-
7848-8036; Fax: 44-20-7848-8033; E-mail: chris.buckland-
wright@kcl.ac.uk
Received 1 July 2004; revision accepted 16 January 2005.46Most cross-sectional studies have only examined change
in trabecular parameters close to the cortical plate, reporting
increased trabecular number, reduced inter-trabecular sep-
aration distances6 and increased trabecular thickness7.
However, longitudinal examination of Sc trabecular bone
remodelling in animal models of knee OA have demon-
strated not only that trabecular bone changes close to
the articular surface differ from those occurring in deeper
regions, but also that the pattern of trabecular remodelling
changes with disease progression8e10. For example, in the
canine anterior cruciate ligament rupture model, loss of
trabecular structure was reported beneath a thickened
cortical plate at study completion, indicating a progressive
loss of bone in the deeper Sa region8. As far as the authors
are aware, no in vivo longitudinal examination of trabecular
bone changes in the proximal tibia has been made in human
subjects with medial compartment knee OA. Thus, we report
here the use of non-invasivemethods to quantify longitudinal
change in vertical and horizontal trabecular bone structure in
the Sc and deeper Sa regions of the proximal tibia in patients
with ‘slow’ or ‘detectable’ medial compartment JSN.
Quantiﬁcation of structural alterations in the proximal tibia
can be obtained from the computerised method of textural
image analysis called fractal signature analysis (FSA).
The sensitivity of fractal analysis in detecting bone changes
in short-term longitudinal studies has been previously
demonstrated using FSA11,12 and other fractal-based3
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assesses the composite nature of the tissue, which is
determined principally by trabecular number, spacing and
cross connectivity14. Further, previous work has demon-
strated that FD of trabecular bone projection images is
related to three-dimensional microarchitecture15e17. Unlike
other methods which calculate a mean FD from the overall
appearance of cancellous bone15, the FSA technique
measures the FD separately for vertical and horizontal
trabeculae over a range of scales corresponding to a range
of trabecular widths, identiﬁed as the ‘fractal signature’18.
Here, we use fractal analysis to provide quantitative data
detailing the change in cancellous bone structure over 24
months in patients with ‘slow’ or ‘detectable’ JSN in the Sc
and previously unexplored deeper Sa region of the medial
and lateral tibial compartments. Further, differences in the
pattern of cancellous bone change between patients with
slow or detectable JSN were examined.
Patients and methods
PATIENTS AND NON-OA REFERENCE GROUP
OA knees
Following ethical committee approval obtained from the
West Kent Health Authority and the Guy’s and St Thomas’
Hospital Trust, 40 patients [14M, 26F; mean (SD) age 58.6
(11.1) years] with medial compartment knee OA were
recruited from those attending the hospital based Rheuma-
tology clinics, as well as patients obtained directly from
general practices (GP). All patients were diagnosed
according to the standard criteria for knee OA19, had
radiographic appearance of knee OA consistent with
Kellgren and Lawrence20 grade I or above, and had pain
in one or both knees for at least 1 month. These were
carefully examined clinically to exclude other types of
arthritis, evidence of trauma, previous surgical intervention,
or treatment with corticosteroids. Drug therapy was not
controlled in these patients.
MACRORADIOGRAPHS AND DIGITISATION
OF MACRORADIOGRAPHS
High deﬁnition posteroanterior macroradiographs21,22 of
both knees from each patient at baseline and 24 months
were obtained at magniﬁcations between 3.5! and 5! in
the standing semiﬂexed view23. The centre of the joint,
deﬁned by the joint space, was aligned with the centre of the
x-ray beam with the aid of a cross-optic laser. Using
ﬂuoroscopy, each knee was ﬂexed until the tibial articular
surface was horizontal relative to the ﬂoor, parallel to the
central x-ray beam and perpendicular to the x-ray ﬁlm.
Radiographic magniﬁcation was determined from automat-
ed measurement of the diameter of a metal ball which was
taped to the skin over the tibial tuberosity. Lateral ﬁlms of theknee were obtained at the same time in order to determine
the distance from the metal ball to the centre of the joint, thus
permitting determination of radiographic magniﬁcation with-
in the plane of the joint. All macroradiographs were digitised
using the high resolution Lumysis 200HR laser ﬁlm digitiser
(Lumysis, Sunny Vale, CA) at a pixel resolution of 60 mm by
60 mm (after correction for magniﬁcation) and the images
were stored and analysed with a Sun Sparcstation, model
20/61 (Sun Microsystems Ltd) and programs written in
CCC were used to calculate joint space width (JSW) and
fractal signature of regions of interest (ROI) within the
images in M display. Minimum medial compartment JSW
measurements were obtained using a highly reproducible
automated image analysis technique24,25.
OA GROUPING
Knee macroradiographs were subgrouped into those with
‘slow’ or ‘detectable’ joint space loss based on annual rate
of JSN. Knee macroradiographs were grouped into two
according to the rates of JSN suggested by Goker26 who
designated patients with JSN! 0.2 mm/year as having
‘slow’ narrowing and those with JSNO 0.2 mm/year as
having ‘rapid’ narrowing. These may also be referred to as
knees with ‘slow’ or ‘detectable’ JSN27 and this terminology
will be used subsequently. Table I provides the demo-
graphic data for the ‘slow’ and ‘detectable’ JSN subgroups.
REGIONS OF INTEREST
Separate ROI were identiﬁed for the assessment of
trabecular bone structure consisting of the Sc and Sa
regions within the medial (M) and lateral (L) compartments
(Fig. 1). To account for variation in tibial size between
patients, ROI width measured 3=4 of tibial compartment width
measured from a vertical line projected down from either the
medial or lateral tibial spine to the outer tibial margin. The
outer ¼ of the width of the tibial compartment was not
included for analysis due to the frequent presence of
periarticular osteopenia adjacent to marginal osteophyte
formation2. The height of each ROI measured 100 pixels
(6 mm). The Sc ROI commenced immediately beneath the
inferior border of the medial or lateral cortical plates (Fig. 1),
drawn onto the image by an automated ridge-tracing
function in Mdisplay (Fig. 1). The Sa region commenced
immediately below the inferior border of the Sc ROI.
MEASUREMENT OF SC AND SA CANCELLOUS BONE
Fractal analysis is a robust method15,18 which is in-
dependent of a range of factors that may vary during routine
radiographic procedure, such as the effect of radiographic
magniﬁcation and projection geometry15,18, changes in
object or patient positioning14,18,28e30 and variations in the
sensitometric properties of radiographs such as ﬁlmTable I
Demographic data for slow (JSN! 0.2 mm/year) and detectable (JSNR 0.2 mm/year) JSN groups
Group n (female) Age, years
(SD)
JSW, mm (range) Annual JSN,
mm/year (range)
Baseline 24 months
Slow (JSN! 0.2 mm/year) 66(43) 57.8 (10.9) 3.89 (1.66e5.48) 3.87 (1.64e5.29) 0.01 (0.31e0.18)
Detectable
(JSNR 0.2 mm/year)
14(9) 62.4 (11.5) 3.73 (2.49e5.74) 2.93 (1.11e5.24) 0.40 (0.20e1.01)
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Fig. 1. Macroradiograph (4!) of a proximal right tibia showing placement of the medial (M) and lateral (L) subchondral (Sc) and subarticular
(Sa) for FSA. Diameter of ball-bearingZ 5 mm. Broken lines represent the inferior margin of the cortical plate.contrast and mean density15,18. FSA of vertical and
horizontal trabecular structures for each ROI quantiﬁed
trabecular structures ranging from 0.12 mm to 1.14 mm in
increments of one pixel (0.06 mm). This range of sizes was
chosen because trabecular thicknesses in the proximal tibia
have been shown to fall within this range31. The coefﬁcient
of variation for test retest for FSA measurements has been
previously calculated as 2.1%18.
STATISTICAL ANALYSIS AND PRESENTATION OF DATA
Changes in the vertical and horizontal trabecular struc-
tures between baseline and 24 months in each OA
subgroup were determined using 95% conﬁdence intervals
(CI) and paired t tests. To facilitate clearer understanding of
our data we developed a method for presenting the overall
changes in both vertical and horizontal trabecular structures
in a single chart. Figure 2 illustrates the arrangement of
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M-Sc
M-Sa
+
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-
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+
+
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Fig. 2. Signiﬁcant (P! 0.05) change in FD of horizontal and vertical
trabeculae in the medial (M) and lateral (L) subchondral (Sc) and
subarticular (Sa) compartments for the slow JSN (!0.2 mm/year)
group over 24 months. Refer to text for explanation.a separate chart for each of the four ROIs in the proximal
tibia. Each chart comprises two rows of three cells in which
the upper row includes values representing statistically
signiﬁcant increases and the lower row decreases in FD.
For each row, the left hand cell includes values for the six
ﬁne vertical and/or horizontal trabeculae with sizes ranging
from 0.12 to 0.42 mm, the middle cell comprises of values
for six medium sizes trabeculae ranging in size from 0.48 to
0.78 mm and the right and cell values for six large
trabeculae ranging in size from 0.84 to 1.14 mm. Each cell
can contain up to a total of three horizontal and three
vertical lines, each line representing a statistically signiﬁ-
cant change in the FD for two adjacent trabecular sizes.
Changes in a single trabecular size were ignored so as to
minimise the effect of small differences including any that
might arise due to inter-patient variability.
Signiﬁcant differences between slow and detectable JSN
groups were determined using 95% CI and unpaired t tests.
The signiﬁcance level for all statistical tests was set at
P! 0.05, with P! 0.01 and P! 0.001 indicated where
appropriate.
Results
The annual rate of JSN for the slow (!0.2 mm/year) and
detectable (R0.2 mm/year) groups is presented in Table I
together with the patients’ demographic data.
WITHIN-GROUP ANALYSIS
Signiﬁcant increase or decrease (P! 0.05) in FD of
horizontal and vertical trabeculae in the medial and lateral
Sc and Sa regions for both JSN groups is presented in
Table II and illustrated in Figs. 2 and 3.
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Change in the trabecular FD over 24 months in the medial and lateral Sc and Sa regions of the tibia in OA patients with slow (JSN! 0.2 mm/
year) and detectable (JSNR 0.2 mm/year) rates of JSN
Trabecular size (mm) Medial compartment Lateral compartment
Subchondral (Sc) Subarticular (Sa) Subchondral (Sc) Subarticular (Sa)
JSN (mm/year) JSN (mm/year) JSN (mm/year) JSN (mm/year)
!0.2 R0.2 !0.2 R0.2 !0.2 R0.2 !0.2 R0.2
Vertical
0.12 0.09* 0.13* 0.09* 0.10* 0.10* 0.10* 0.10* 0.10z
0.18 0 0.02 0 0.01 0.01 0.02 0.01 0.02
0.24 0.06* 0.05 0.06* 0.05 0.05* 0.03 0.04* 0.04
0.30 0.10* 0.08z 0.09* 0.09z 0.09* 0.06 0.07* 0.08y
0.36 0.13* 0.11* 0.13* 0.12* 0.11* 0.09z 0.10* 0.12z
0.42 0.14* 0.13* 0.15* 0.14* 0.12* 0.11z 0.11* 0.15*
0.48 0.15* 0.13* 0.15* 0.16* 0.12* 0.11* 0.11* 0.15*
0.54 0.15* 0.14* 0.15* 0.16* 0.11* 0.12* 0.11* 0.13z
0.60 0.14* 0.14* 0.16* 0.15z 0.10* 0.13* 0.11* 0.11z
0.66 0.14* 0.13* 0.16* 0.14z 0.10* 0.14* 0.10* 0.09y
0.72 0.14* 0.13* 0.16* 0.10z 0.11* 0.15* 0.11* 0.10z
0.78 0.14* 0.13z 0.16* 0.10z 0.11* 0.14* 0.11* 0.13*
0.84 0.14* 0.11z 0.15* 0.13z 0.11* 0.16* 0.13* 0.18*
0.90 0.13* 0.09z 0.15* 0.14z 0.12* 0.19* 0.14* 0.20*
0.96 0.12* 0.09z 0.13* 0.12z 0.11* 0.20* 0.14* 0.21*
1.02 0.12* 0.10y 0.13* 0.14z 0.10* 0.19* 0.13* 0.20*
1.08 0.11* 0.12y 0.13* 0.15* 0.10* 0.16* 0.14* 0.22*
1.14 0.10* 0.13z 0.12* 0.14z 0.10* 0.11z 0.16* 0.20z
Horizontal
0.12 0.04* 0.06 0.10* 0.12* 0.06* 0.07y 0.09 0.10z
0.18 0.05* 0.06 0.04* 0.04 0.04* 0.03 0.01 0.02
0.24 0.11* 0.14z 0 0.02 0.09* 0.09 0.01y 0.02
0.30 0.15* 0.18* 0.02 0.04y 0.11* 0.11z 0.02y 0.02
0.36 0.17* 0.19* 0.03y 0.05y 0.12* 0.12* 0.02y 0.02
0.42 0.18* 0.20* 0.04* 0.06y 0.13* 0.13* 0.03* 0.04y
0.48 0.18* 0.19* 0.04* 0.08z 0.14* 0.12* 0.04* 0.05y
0.54 0.17* 0.18* 0.05* 0.11* 0.15* 0.11z 0.05* 0.05y
0.60 0.16* 0.17z 0.05* 0.14* 0.16* 0.13z 0.06* 0.06y
0.66 0.15* 0.16z 0.06* 0.13* 0.15* 0.14y 0.06* 0.06y
0.72 0.13* 0.15* 0.07* 0.14* 0.15* 0.12y 0.05z 0.07z
0.78 0.14* 0.15* 0.07* 0.14* 0.14* 0.10y 0.04y 0.08z
0.84 0.14* 0.15* 0.08* 0.12z 0.14* 0.11y 0.03 0.05
0.90 0.12* 0.12z 0.08* 0.12z 0.14* 0.14z 0.04y 0.03
0.96 0.11* 0.10y 0.07* 0.15* 0.15* 0.14* 0.07z 0.03
1.02 0.09* 0.10y 0.07* 0.16* 0.14* 0.14* 0.08* 0.06
1.08 0.09* 0.09y 0.08* 0.17* 0.14* 0.15* 0.07* 0.10y
1.14 0.08* 0.07y 0.07* 0.17* 0.13* 0.17* 0.07z 0.11y
Signiﬁcance levels: yP! 0.05; zP! 0.01; *P! 0.001 (paired t tests).Slow JSN group (JSN! 0.2 mm/year)
In the medial Sc region, signiﬁcant decrease in FD
occurred in most ﬁne and all medium and large sized
vertical and horizontal trabeculae. In the medial Sa region,
signiﬁcant decrease in FD occurred in most ﬁne and all
medium and large sized vertical trabeculae, and in all large
sized horizontal trabeculae. In the lateral Sc and Sa regions,
signiﬁcant decrease in FD occurred in most ﬁne, medium
and large sized vertical and horizontal trabeculae (Fig. 2).
Detectable JSN group (JSNR 0.2 mm/year)
The medial and lateral Sc regions manifested the same
pattern of FD decrease as that observed in the slow JSN
group (Fig. 3).
In the medial Sa region, signiﬁcant decrease in FD
occurred in most ﬁne and all medium and large sizedL-Sc
L-Sa
M-Sc
M-Sa-
-
+
+ +
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Fig. 3. Signiﬁcant (P! 0.05) change in FD of horizontal and vertical
trabeculae in the medial (M) and lateral (L) subchondral (Sc) and
subarticular (Sa) compartments for the detectable JSN (R0.2 mm/
year) group over 24 months. Refer to text for explanation.
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horizontal trabeculae. In the lateral Sa region, signiﬁcant
decrease in FD occurred in most ﬁne and all medium and
large sized vertical trabeculae, and in a few medium and
large sized horizontal trabeculae.
BETWEEN-GROUP DIFFERENCES
There were no between-group differences except for the
Sa region where the detectable JSN group had signiﬁcantly
(P! 0.05) greater decrease in FD compared to the slow
JSN group. This occurred in the medial compartment at
horizontal trabecular size ranges 0.54e0.72 mm,
1.02e1.08 mm and in the lateral compartment at vertical
trabecular size ranges 0.90e1.02 mm.
Discussion
FSA quantiﬁed signiﬁcant change in trabecular bone
structure over 24 months in the medial and lateral tibial
compartments of OA knee patients with slow or detectable
JSN. This study showed the depth and the magnitude to
which structural changes had occurred, revealing a similarpattern of change in both JSN groups. The extent of these
bony changes appears not to have been described
previously in the literature.
The principle ﬁnding in all OA knees and in all ROIs was
a decrease in FSA of vertical and horizontal trabeculae
(Figs. 2 and 3). No increase in FSA occurred apart from
at the smallest vertical and horizontal trabecular size
(0.12 mm) in most ROIs of both JSN groups which indicated
an increase in number30 of the smallest trabeculae due to
fenestration and thinning of larger structures13,32.
A decrease in fractal signature occurs following a de-
crease in image complexity and is caused by one of two
separate and distinct remodelling processes; (1) trabecular
thickening, previously reported for large horizontal trabec-
ulae within the Sc region of the proximal tibia in patients
with medial compartment knee OA due to increased Sc
sclerosis33, or (2) a reduction in trabecular number caused
by thinning and loss associated with advanced osteoporo-
sis12,13. Here, examination of the knee macroradiographs
revealed increased radiolucency in both medial and lateral
tibial compartments in ﬁlms taken at study exit compared to
baseline (Fig. 4), conﬁrming that the measured decrease in
trabecular number was observed as a localised osteoporo-
sis within the tibiae of patients with knee OA.(a) (b)
(i)
(ii)(ii)
(i)
Fig. 4. The medial (a) and lateral (b) tibial compartments from the same patient at baseline (i) and at 24 months (ii). Macroradiographs (4!)
reproduced at 2.7!. Subarticular (Sa) osteoporosis, manifested as increased radiolucency, is greater in (ii) than in (i).
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Sa regions is osteoporotic has been provided from dual
energy X-ray absorptiometry (DEXA) studies34,35 that
reported signiﬁcant decrease in bone mineral density
(BMD). This process may contribute to the increased
markers of bone resorption detected in patients with knee
OA36. Further, an important structural change to joint
anatomy that could mediate cancellous bone loss is the
increase in cortical plate thickness, a process that has been
shown to occur prior to JSN25. Cortical plate thickening in
knee OA is caused by reduplication of the tidemark following
vascular invasion of the calciﬁed cartilage at the bonee
cartilage interface37 as well as deposition of woven bone at
the boneemarrow interface38. We hypothesise that the
thickened cortical plate25,39, and ﬂattening and increased
congruity between the articular elements39,40 lead to greater
absorption of local stress, reducing load transmission to the
underlying Sc bone in a similar manner to ‘stress-shielding’
observed in the bone under metal prostheses41. This
reduction of load applied to the medial compartment would
lead to an osteoporosis quantiﬁed by FSA and observed on
macroradiographs as regions of greater radiolucency, seen
in Fig. 4.
The loss of Sc and Sa trabeculae has important
implications for the structural integrity of the joint. Studies
estimate that 40e80% of bone strength can be explained by
bone density, with the remainder attributed to the properties
of trabecular bone architecture42. With loss of trabecular
structure, the bone becomes weaker, ultimately leading to
joint collapse as the bone is no longer able to resist the
compressive forces applied, particularly to the medial
compartment where the exposed stresses are greater due
to subluxation of the joint43.
DIFFERENCES IN CANCELLOUS BONE CHANGE IN SLOW
AND DETECTABLE JSN GROUPS
Apart from a few trabecular sizes in the medial and lateral
Sa region where the detectable JSN group manifested
greater decrease in FD, there were relatively few differ-
ences in FD between the two JSN groups, demonstrating
a similar pattern of bone loss in knees with slow and
detectable JSN. This suggests that bone loss is a funda-
mental process within OA knee joints.
Greater understanding of tibial bone changes in the
medial Sc and Sa regions of patients with medial
compartment knee OA was recently provided from a larger
study of knees with slow (nZ 240) or marked (nZ 12) JSN
(the latter group consisting of patients that lost 0.75 mm or
25% of JSW over a 12-month period)27. In this study, the
larger patient cohort revealed that the pattern of bone loss
was signiﬁcantly greater in knees with marked compared to
slow JSN in both medial Sc and Sa regions27. The reduction
in trabecular number was greater than that observed in the
present study, conﬁrming that loss and/or resorption of
bone is accelerated in knees with rapid disease progression
(JSNO 0.75 mm/year or 25% annual decrease in JSW).
Support for these changes is provided from a recent
biochemical study in which urinary markers of bone
resorption were increased in patients with progressive knee
OA (deﬁned either by the presence of osteophytes or JSN),
with no reported increase in those with non-progressive
knee OA44. In addition to bone being lost locally within the
diseased joint, there is evidence that skeletal bone loss may
be widespread, as a weak correlation has been reported
between low BMD at the hip and OA knee progression45.SUMMARY
FSA quantiﬁed substantial loss of tibial bone structure in
all knees with medial compartment OA over 24 months. The
decrease in FSA of vertical and horizontal trabeculae
corresponded to a decrease in trabecular number. We
hypothesise that this bone loss was caused by a reduction
in load to the underlying Sc bone subsequent to cortical
plate thickening, ﬂattening and increased congruity be-
tween the articular elements, leading to the localised
osteoporosis.
Contrary to the hypothesis stated in the introduction, the
present study demonstrated no link between the degree of
Sc trabecular bone changes and the rate of cartilage
destruction, quantiﬁed by the annual rate of JSN. However,
more recent work analysing a larger patient cohort revealed
that structural deterioration of bone was greater in knees
with marked (JSNO 0.75 mm/year) compared to slow
JSN27. Further studies are required to determine whether
patients with detectable JSN (O0.2 mm/year
JSN! 0.75 mm/year) will progress to joint replacement
sooner than those with less rapid articular cartilage loss.
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